The success of A. Defant's method of calculating surface seiche periods and structures in real lakes is well known. To test whether it can bc adapted and applied with similar success in studies of internal seiches in stratified lakes, in which density structure is simulated by two homogeneous layers, we compare the predictions of a computerized version of Mortimer's modified Defant procedure against observations of internal seiche motion in eight lake basins and (in three examples) against the results of more elaborate models. The acceptably close agreement inspires confidence that the modified method is useful for practical predictions which, although approximate, described the principal characteristics of the often large water mass displacements and oscillations. Through their influence on mixing and dispersal, those motions profoundly affect the chemical and biological economies of many lakes. To aid in microcomputer and even pocket calculator applications, we set out steps in the calculation in tabular flow-chart form. A comparable table for surface seiche calculation is added.
The first systematic analysis of internal (temperature) seiches in lakes, combining theory and observations of structures and current patterns, was that of Wedderburn (1907 Wedderburn ( , 1911 Wedderburn ( , 1912 . However, his interpretation of those motions as free responses was neglected by limnologists of his day (e.g. Birge 19 10, who viewed the response solely as a forced wind effect), and it was not until 40 years later that a review (Mortimer 19 5 3) of temperature fluctuations in several stratified lakes, including the first long series of measurements with moored thermistor chains in Windermere, revealed that a common response to episodic wind forcing was the initiation of internal seiches corresponding to free modes of basin oscillation, with the first internal mode usually dominant. As with the then better known surface seiches, also generated by wind action, the internal seiches continued to oscillate with decreasing amplitude after the wind forcing had ceased. Those oscillations are of more than theoretical interest, because the often large and persistent displacements of the water layers strongly affect the distributions of nutrients and biomass, which in turn influence the development of the trophic state in lakes. Shear flow and turbulence generated by those displacements contribute to mixing and dispersal; but because of instrumental limitations, detailed direct measurements of the current and turbulence patterns are rare. To fill that gap, mathematical models-even the simplest one tested here-can provide useful approximate predictions of the space and time distributions of flow and displacement. Defant's one-dimensional procedure (1918 Defant's one-dimensional procedure ( , 1960 for the calculation of periods and structures of surface seiches in basins of irregular shape has produced results (e.g. Caloi 1954; Servais 1957) which agree with observations surprisingly well in view of its relative simplicity.
An advantage of that method is that it predicts for each mode not only periods and nodal positions but also displacements from which current speeds Table 1 . Layout and flow chart for the TDP. a. Measured quantities assembled for the TDP calculation to be carried out in part b. T is an estimate of period (in hours) made for each TDP run; and (Y = 4a*F/&, -p,)p, in which F is AC@', + S,)/S,, with these and other terms as defined in the text. With the units adopted in this table, (Y = 3.105 F/l 04(p2 -pJT2; and the entries in column 6 must be recomputed for each change in T, h,, or (p2 -pl) . For graphical convenience, the subscripts y1 (as indexed in Eq. 1 and 3) have been dropped from the quantities in the table; but the subscript i has been retained for v, and vi to denote those quantities which relate to the interface. b. Operational instructions and flow diagram for the TDP, to be used in conjunction with part a. The numbers in the operations row refer to columns in parts a and b. .
* The operations refer to column numbers in parts a and b and proceed stepwise from left to right as indicated by arrows. Upon arrival at the asterisk, subtract the A?, entry arrived at in column 1 I from the q, entry in column 7 on the fame row, enter the remainder in column 7 an Ihe next row, and continue step-by-step along that row, as indicated by arrows. Further details given in text.
can be estimated. Because it is reasonable to represent a lake's density structure by two homogeneous layers, Defant's method can be adapted for internal seiche calculations in irregular basins (Mortimer 1979) . That adaptation, here called the two-layer Defant procedure or TDP, has been programed by U. Lemmin for a microcomputer; its predictions for eight lake basins of widely varying size and morphometry are here tested against observed oscillations and also (in three examples) against the output of more complex models. The TDP (Table 1) is described in some detail below to provide the reader with a simple tool for wider application and testing. The TDP neglects the influence of earth's rotation and is therefore inapplicable to very large lakes (e.g. the Great Lakes); however, a simple modification, applied to the two largest basins treated here (L&man, Ness), permits approximate simulation of rotational effects.
The numerical procedure Charney (1955) showed that equations describing the internal wave modes in a twolayered channel or basin (with respective upper-and lower-layer densities and thicknesses pl, p2, h,, h2) reduce to the simpler single-layer equations if the depth and gravitational terms are replaced by an "equivalent depth," h, = h,h,l(h, 4 h2), and "reduced gravity," g* = g(p2 -p1)lp2. The reduced depth is minimal (at h,/2) when h = h2, and it approaches h, when h, S= h , . Reduced gravity is of order 1 Om3 in the lake cases considered here. The equivalentdepth transformation is strictly valid only in channels of uniform depth; but the comparisons presented later (see also Bauerle 198 1) suggest that the errors in applying the TDP to real channels and basins of variable cross-section are not large.
The input requirements for the TDP are a representative temperature or density profile, and a sufficiently detailed bathymetric chart. A two-layer approximation to the profile defines p1 and p2 (the assumed-uniform densities of the upper and lower layers) and the depth h, of the interface. On the chart are drawn a Talweg track-sometimes called a medial track, i.e. a smooth curve along the deepest "valley" in the lake floorand a series of cross-sections usually but not necessarily perpendicular to the Talweg. (Defant used the modern spelling, but the older "Thalweg" persists in the hydraulic literature.) The Talweg (chosen as the x-axis) and the cross-sections spaced at intervals AX along it form a waveguide in which the interfacial standing wave (the internal seiche) develops through repeated reflections at the basin ends. For an adequate description of that wave, enough cross-sections must be drawn to define the main changes in basin morphology along the Talweg. Experience with surface seiches (e.g. Fee and Bachmann 1968) has shown that results are best when the sections are spaced not equally along the Talweg, but at closer intervals in regions of large change in basin shape.
On the basis of a representative profile of temperature (0) or density (p), the derivations of hl, h2, 8,, e2 (or pl, p2) are somewhat subjective, and this is one source of error. The behavior of stratified fluids in shearing flow suggests that the interface should be placed at the depth of maximum density gradient, usually in the upper part of the thermocline. That placement determines h, and the length L of the interfacial Talweg at rest. At the ends of that Talweg we place impermeable barriers, making the simplifying assumption that those parts of the upper layer which lie beyond the barriers take no part in the internal oscillation. Possible effects of that truncation on the TDP results will be considered later.
The choice of h 1 also influences the choices of h2 and the layer temperatures e1 and o2 (or layer densities pl, p2), and these choices are more subjective. As a first approximation, h2 may be taken as the lake's mean depth minus h,, but the truncation assumption suggests that a better choice would be the mean depth of the basin bounded by the interface and the bottom. If, as is often the case, h, is more than three times hl, the result becomes relatively insensitive to the choice of h,. The layer densities p1 and p2 may be taken as the mean densities above and below the interface determined from a density profile. Less precise, but adequate in many cases, is calculation of p1 and p2
from the mean temperatures 8, and e2 above and below the interface. As will be discussed later, the TDP results are relatively insensitive to the choice of e2 if it is near 4"C, but are generally much more sensitive to the choice of o1 as well as to the choice of h 1.
With the TDP in computerized form, repeated runs are easily made to test the sensitivity of the results to the above choices and also to choices made in our examples which follow. Figure 1 serves to introduce the calculation procedure. In schematic form it represents a straightened-out slice along the Talweg with cross-sections (equally spaced here, although not necessarily in real examples) numbered sequentially from n = 0 to n = 1. Those cross-sections, from now on referred to as sections, divide the basin into a series of compartments. Sections 0 and 2 coincide with the impermeable barriers placed at the ends of the interface at rest (the dashed horizontal equilibrium lines in the figure). At the outset of the calculation the cross-sectional areas S, above and S2 below the equilibrium interface level are measured for each section (except 0 and I) and tabulated (as in Table la ). Also tabulated are: hl, estimated interface depth at rest, i.e. thickness of the upper layer; d1 and f12, representative temperatures of the upper and lower layer in the two-layer approximation to the real temperature profile; (p2 -p,), interlayer density difference corresponding to 8, and e2; and AX and Vi, the Talweg distance and the interfacial area between section n and the section (n -1) which precedes it. With the above quantities tabulated and with an initial arbitrary assignment of a maximum interfacial vertical displacement (usually 1.00 m as at left in Fig. 1 ) in the compartment bounded by sections n = 0 and n = 1, the calcluation can proceed (as in Table lb) based on the difference equations set out below. The conventions we adopt are that the illustration of maximum interface displacement (elevation) in Fig. 1 coincides with the beginning (at t = 0) of the seiche cycle (of period T) for each mode illustrated and that horizontal displacement is reckoned positive to the right. Currents generated by that displacement attain their maxima at time t = T/4. The following quantities are to be calculated: q i, maximum elevation of the interface, averaged for each compartment; Aqi, the incremental change in vi at each section n (except at n = 0 and n = I; q2, the volume transport through the lower-layer portion (area S,) of section n during the interval t = 0 to t = T/4 (by which time the interface has swung back to its level equilibrium position; note that the upperlayer displacement q1 equals -q2); and t2
and -[, , the corresponding horizontal lower-and upper-layer displacements averaged over respective lower-and upper-layer portions (areas S2 and S,). It is evident in Fig. 1 that, during the interval t = 0 to t = T/4, the total quartercycle transport q2(n) through any section n is the algebraic sum of the q2 contributions from all the sections lying to the left of n in the figure. (The numbers entered for the first mode below the unfilled arrowheads refer to a particular rectangular basin example, 1 to be later introduced as a quick, step-bystep test of the calculation procedure.) The corresponding continuity statement defines t magnitude) occurring during the interval t = 0 to t = T/4 (where T is the period of the respective mode), i.e. the interval during which the interface swings from its fully deflected to its equilibrium (dashed horizontal) position. Entries below the arrows (1 st mode only) are the corresponding quarter-cycle volume transports (1 Oh m3) calculated by the TDP for the rectangular basin test case described in the text. The dotted steps (1 st mode only) indicate the interface position at time t = T/2. Quantitites AX and q,,, are defined in the text. qcn) (equal but of opposite and upper layer) as sign in the lower
in which the summation of (qiVJ is for all sections between 1 and n. Further, assuming (with Defant) that the displacements vi and 4: are simple harmonic functions of time and unspecified (to-bc-calculated) functions of position along the Talweg (x) axis, and assuming linearity in vi and 4, the statement derived from the equation of motion becomes:
in which a = 4r2aX(S1 + S2)p21g(p2 -p,)S,T2. (Because it is so close to unity, p2 can be dropped from the numerator in a.)
Equations 1 and 2 for section n can now be used to derive vi for the next section (n + 1):
Iteration of Eq. 1, 2, and 3 section-bysection as in Table 1 b, starting with the condition of q zero at section 0 and qr unity at section n = 1 and with an initial choice of T, yields the value of q at the other end of the interface (section I). If q has not fallen to zero there, further test runs are made with other choices of T, as explained below. For an initial choice of T, the two-layer Merian equation can be used:
in which m is the mode number, T,, is the period of the mth mode, L is the length of the Talweg, and h, and g* are equivalent depth and reduced gravity, defined earlier.
For this calculation an estimate of h, is required, the simplest being h 1 subtracted from the mean depth of the basin along the Talweg between sections n = 0 and n = 1.
First, the following measured or estimated quantities are entered, in the units shown, in and Avi, the interface elevation increment (at2) in column 11. That column 11 entry is then subtracted from the vi entry in column 7 of the, same row, and the remainder is entered in column 7 of the next row (i.e. row n = 2).
The procedure is then repeated for row (n = 2) and fo r each row in sequence until the last q value has been arrived at in the target box (n = I) : 9. Fig. 2 . The zero-crossings indicate the periods to be used in the full Table 1 calculations for modes 1-5. This is particularly useful if an iteration subroutine is not available for the Table 1 procedure.
The results of the calculation so far are for the lower layer. But, because continuity requires that q in the upper and lower layers shall be equal (but of opposite sign), the upper-layer horizontal displacements & are obtained by multiplying the corresponding t2 entry by S,/S,. Because horizontal displacement in the upper layer is usually considerably larger than that in the lower layer, we shall find it convenient (see laterfigures and their legends) to reverse the sign convention adopted in Fig. 1 A rapid check on the procedure set out in Table lb m3 at section 6, while the corresponding value calculated from basin geometry, assuming a sinusoidal distribution of vi, was 3.82. Therefore, with as few as 12 sections, the TDP produces acceptable results in the rectangular basin test.
The influence of the earth's rotation
Only in very large lakes and seas does the influence of the earth's rotation on surface seiches become appreciable; for example, lakes Michigan and Superior (Mortimer and Fee 1976 ) and the Baltic Sea (Neumann 194 1, who predicted that rotation decreases the first mode period there by 14%). The rotational effect on internal seiches is much greater, although in small lakes it has usually been neglected. Illustrations of the effect in two of the lakes examined here, Loch Ness and Lac L&man (Lake Geneva), were shown by Mortimer (195 5) and Bauerle (1985) . Bauerle's model is a two-layer approximation, but with the lower-layer depth held constant. Solution of the full set of equations for a basin of variable depth has, so far, proved too difficult. We shall here make use of the approximation proposed by F. Defant (1953) in his study of the surface seiches of Lake Michigan. Having calculated the seiche-induced velocities through each section using his father's 19 18 procedure, he assumed that rotation would induce linear, cross-basin tilts of the lake surface such that, at any instant and section, the horizontal pressure gradient produced by the tilt would exactly counterbalance the Coriolis force associated with the seiche current, a condition of geostrophic equilibrium. Changes in surface elevation at the shore end of a given cross-section are, therefore, linear combinations of a component attributable to the seiche without rotation and a geostrophic component, phase-shifted by 90" (one-quarter period).
A corresponding analysis can be carried out for not-too-wide stratified lakes (Mortimer 1955) . That approximation for the two-layer case made use of the Margules equation in the form: tan Y = 12 Q sin cP(u2 -ul>lk(p2 -PJI (5) in which the denominator was defined above, y denotes the angle by which the cross-basin slope of the interface deviates from horizontal, 2 8 sin $ is the Coriolis parameter ( 1 Ow4 for lat 47"), and ul, uZ are the section-averaged maximum current speeds in the upper and lower layers (u 1 and u2 are always opposed in sign). Along the Talweg in the direction of increasing section number, the interface slopes upward to the right (in the northern hemisphere) when (u, -u I) is positive. If we again assume that slope is linear across any given section, the contribution of the geostrophic cornponent to the maximum interface elevation e at the shore end of that section is e = b,(tan r)/2 (6) in which bi denotes section width at interface level.
To assess approximately the influence of rotation, our program calculates e and adds it (with appropriate attention to phase) to the internal seiche amplitude computed without rotation (e.g. see Figs. 4 and 7). The seiche without rotation (following the convention of Fig. 1 ) produces maximum interface elevation at the n = 0 end of the Talweg at time t = 0, whereas (u, -u,) and therefore tan y achieve their maximum values (usually) in the middle region of the basin at time t = T/4 when interface elevation at the ends is zero. Therefore the progress of the combined interface elevation crest is cyclonic (counterclockwise in the northern hemisphere).
Application of the two-layer Defant procedure to eight basins
The parameters chosen and the corresponding internal mode characteristics estimated by the TDP are presented for eight basins listed in order of Talweg length in Table 2 . Rated according to the subinterface-layer thickness, the basins range from relatively shallow (Windermere, S. basin) to relatively deep (Leman). Lake Zug, with its central constriction, deviates the most from a regular shape, and Lac Leman combines a narrow, relatively shallow Petit Lac with a deeper, broader Grand Lat. The other basins are much more regular, including the two Windermere basins which, while interconnected for surface seiches, are separate for internal seiches.
Lake Geneva (Lac L&man, Fig. 3 ) --In applying TDP to Lake Geneva we found it convenient to use the same temperature profile and the 3 1 sections upon which the surface and internal seiche calculations of Mortimer (1979) were based. Although our choices of interface depth and layer temperatures here are slightly different, it is no surprise that the results illustrated for the first mode (Fig. 4) are closely similar to those published in 1979 (note that the displacements given there were for a half-cycle). The Table 2 . Periods of the first five internal seiche modes calculated for eight basins using the TDP with parameters (equilibrium interface depth, layer temperatures) fitted to the average stratification structure (see Figs. 3, 6, 9, und 16) during the months shown. The TDP-predicted periods (unfenced) are compared with "observed" periodicities (e) in current or temperature records (or in their spectra) and periods calculated from more elaborate models [.I. Further details given in text. Hutter et al. (1983) .
new feature introduced here is the estimation of the influence of the earth's rotation. The strong influence of basin shape on the currents associated with both the first and second modes is illustrated in Figs. 4 and 5. Because of the relative shallowness of the Petit Lac, the currents (including those in the lower layer) run faster there than in the Grand Lat. Current speeds are maximal near sections 1 l-l 3 in the transition region between the two, where the difference in speed between flow in the upper and lower layer also attains its maximum. The effect of this on turbulence and mixing, and therefore on the biochemical economy of the lake, is likely to be substantial. Lake Geneva is the broadest of the basins considered here, and the influence of the earth's rotation is considerable. If we assume (following F. Defant 195 3) that the resulting transverse tilt of the interface in each cross-section is linear and proportional to and changing with the difference in section-averaged current speed in the upper and lower layer, Eq. 5 and 6 can be used to calculate elevation progress at the shore ends of all sections. This has been done, for example, in curves iii and iv in Figs. 4 and 5, in which the transverse-level differences are of the same order of magnitude as the longitudinal-level differences. As noted above, the maximum transverse tilt occurs at time T/4 after the maximum interface elevation at n = 0 and, consequently, the combined elevation maximum for the first mode progresses counterclockwise (cyclonically) completing the circuit around the basin in time T. That behavior is consistent with The cross-section lines are reconstructions of those used by Doodson et al. (1920) in a surface seiche calculation. Their positions are derived from the geographical coordinates listed in table 1 of that paper, with the addition of 2'20.15' to convert E of Paris longitudes to E of Greenwich. Our estimated medial track (or Talweg), which follows the main axis of the basin through the deepest parts of each cross-section, is shown dotted at 0.5-km intervals. For the TDP (interface at 14 m) cross-sections 1 and 3 I have been designated n = 0 and n = I, yielding an interface Talweg length of 73.5 km.
The temperature profile (representative of late summer and autumn : Mortimer 1979 ) is fitted to the two-layer model adopted here (dash-dot lines, particulars in Table 2 ). some features of the observed thermocline motion in L&man; for example, Mortimer's (1963) detection of the surface "signature" of a cyclonically progressing internal wave with similar characteristics. Compare also Kanari's (1984) observations in Lake Biwa, Japan. However, the assumption of a linear thermocline slope is hardly acceptable in Lac L&man and becomes less so as basin size increases. Superior dynamical models (e.g. Bauerle 1985) can now provide a more realistic picture. But those models required a mainframe computer, while F. Defant's simple scheme provides quick approximate assessment of how large, in a given lake, the Coriolis effect is likely to be. In Lac Leman, for example, it appears that, in the Petit Lac where the sections are relatively narrow, the thermocline tilt is mainly the result of the large difference in speed between the two layers, whereas in the Grand Lac (where the differences are much smaller) the tilt is more influenced by basin width.
Observed periods of the presumed first mode in Lac L&man were earlier derived from a spectrum of summer records (JulyAugust 194 l-1944) 1  5  10  15  20  25  ,,,I#  I I ,,,  I  I  I,  ,I . Lake Geneva: Displacements and currents associated with the first internal mode (period T = 72.6 h) as computed by TDP, assuming a 300-cm amplitude at n = 0. i-q,, interface elevation along the Talweg at time t = 0; ii-q, volume displacement through the sections during the quarter-cycle interval, t = 0 to t = T/4; v, vi-the corresponding quarter-cycle horizontal displacements ([, , &) and maximum throughsection current speeds (u,, u,) in the upper and low.er layers, U and L. iii, iv-Estimated Coriolis-induced interface elevations at the shore ends of the sections at time t = T/4, when the through-section flow is maximal. Looking along the Talweg from n = 0, iii and iv show interface elevations at the right and left shore ends of the sections, assuming a linear thermocline tilt (F. Defant 1953) . Further particulars given in the text and Table 2. ternal wave (Mortimer 1963 (Mortimer , 1979 . The spectrum given by Mortimer ( 19 5 3) showed an isolated peak at about 75 h (and also a concentration of energy between 9 1 and 108 h), while the later analysis disclosed a period of about 84 h for the interval 28 August-13 September 1950. The period computed here (T = 72.6 h) is distinctly shorter, as was also that computed by Mortimer (1979: 72.3 h, for a density difference of 1.4 1 x lO--3 and an interface depth of 15 m, corresponding to an internal wave phase speed of 43.3 cm s-l). Adopting the same phase speed, Bauerle's (1985) two-layer model yielded periods of 77.9 5 and 47.5 h for the first and second modes. From all these re- sults, we conclude that TDP underestimates the first mode period of Lake Geneva by about 7%. For the higher modes, Bauerle's computed periods are also greater than ours by 4-7%, but we have no observations with which calculated higher mode periods can be compared. In any case, as Bauerle points out, there is a possibility that vorticity waves (not encompassed in his 1985 model) will interact with (and therefore complicate) the seiche modes.
Loch Ness (Fig. 6) -Because of its exposure to strong winds channeled along the valley, Loch Ness has a deeper thermocline than the other lakes considered here, and the layer temperature differences in summer are also smaller. The relative regularity of the basin appears to lend itself to more accurate results using TDP than was possible for Lake Geneva. Indeed, taking an interface depth and density difference corresponding to the autumn event illustrated by Mortimer (1979) , we find the computed first mode period (56.6 h) in close agreement with that observed (57 h). A near-60-h periodicity can also be detected (Mortimer 19 5 3) in Wedderburn's (1907) temperature records at the same time of year; and peaks For Lake Zurich the temperature profiles mark the envelope of average profiles at eleven moorings, AugustSeptember 1978 (Horn 1980) ; the two-layer fit sets the interface at 12 m and designates sections 2 and 26 as 12 = 0 and y1 = 1, yielding an interface Talweg length of 27.2 km.
near 5~0 h appear in Thorpe's ( 1977) spectra of temperature and current fluctuations (August-October 197 1). As in the computation for Lake Geneva and in the Windermere examples below, we found it convenient to adopt sections already measured for calculations of surface and two-layer internal seiches laboriously executed in the precomputer era (C.H. M. ca. 1955, unpubl.) , 4 1 sections in the case of Loch Ness (Fig. 6) . The structures and current speeds for the first and second modes Table 2. 19 52 midlake thermistor-chain positions (N and S in Fig. 6 ), at which actual cross-basin, isotherm level differences of that magnitude and sign were often observed (Mortimer 1955 (Mortimer , 1979 .
Of all the lake basins here considered, that of Loch Ness approximates closest to rectangular. Not surprisingly therefore, the ratios of the computed first mode period (Table 2) to those of the higher modes do not differ greatly from whole numbers. As yet, however, no unambiguous observations of signals from the higher modes are available. Spectral analysis of the 1952 thermistorchain records has not been made; it appears likely that the spectra would be strongly influenced by the nonlinearity (steep-frontedness) of the first mode seiche, as illustrated by the Mortimer ( 1979) example in which graphical analysis displayed strongly excited harmonics of the 57-h wave and a residual internal surge. Because the periods of those harmonics are close to those anticipated for the higher seiche modes, unambiguous identification of the latter will probably be difficult, except in the unlikely event that one or more higher modes are excited in the absence of a dominant first mode. Thorpe's (1977) spectra display not only the peaks near 50 h but also broader peaks near 25 h, to which contributions could come from the second mode (There computed as 26.6 h) or from the 50/2-h harmonic of a nonlinear 50-h oscillation, or both, and possibly also from a diurnal forcing component in the wind. Lake Zurich (Fig. 6 )-In this case, results from the TDP calculations can be compared with observations of isotherm displacements and currents (and corresponding spectra) made during an intensive measuring campaign (August, September 1978) with 31 instruments moored at various stations and depths (Horn 1980; Hutter 1983) . Also available for comparison are the results from a more elaborate two-layered model (D. J. Schwab cited by Horn et al. 1986 ) based on a two-dimensional grid fitted to the basin topography. For the latter comparison we have applied TDP to the temperature profile (0, and o2 estimated at 18" and 6°C and h, at 12 m, following Schwab and deriving sections 2-26 from his model). The structures predicted by the two methods are compared, for the first three modes, in Fig.  8 , and the observed and predicted periods are entered in Table 2 . The TDP periods are about 10% less than the Schwab model periods which are in good agreement with those observed (Mot-timer and Horn 1982; Horn et al. 1986 ). The first three modes (44, 25, and 17 h) could be clearly identified, with the first dominant. Signals from higher modes did not clearly emerge. However, the two-layer parameters in the above comparison were fitted to the mean temperature profile for the whole of August and September (Hutter 19 8 3) . At the time when internal seiching was most evident (during September), a more realistic two-layer fit corresponds to the el, & values 16"C, 6"C, and h, 15 m. With those values, TDP yielded somewhat longer periods (2nd Zurich entry in Table 2 ) which come closer to the observed periods. The sensitivity of TDP to the choice of fit to the temperature profile, (Horn et al. 1986 ).
a-Along-Talweg interface elevations vi for modes 1-3, normalized in each case to 100~cm maximum. b. Horizontal displacements 4' and maximum current speeds u for modes l-3 in the upper and lower layers, U and L. The current speed maxima occur L/4 cycle after the maximum elevations shown in panel a. Further particulars, including periods computed by both methods, are given in Table 2 . Vertical double lines in panel a are approximate estimates of relative "observed" interface elevation at four moorings spaced along the Talweg (modes 1 and 2, normalized to 100 cm at mooring 4) derived from spectra of temperature fluctuations at thermocline depth (as described in the text and by Horn et al. 1986 ). Corresponding estimates in panel b (first mode only, normalized to 2.5 cm s-l at mooring 5) are for current speed derived from current spectra. evident in the above examples, is discussed predicted by Schwab's model: the TDP esbelow in connection with the Lugano case. timates are averages for each cross-section, For the Lake Zurich first and second mode while the Schwab model values are calcustructures (Fig. 8a) , the two models predict lated for grid points near the Talweg where (TDP, dots; Schwab, lines) very similar in-speeds are above the section average. The terface elevation distributions and nodal apparent closer agreement between dots and positions; agreement is less close for the third lines for the third mode is spurious because, mode. The TDP-predicted maximum cur-as Fig. 8a shows, the Defant procedure overrent speeds (dots in Fig. 8b ) for the first and predicts interface displacement in that case. second modes are distinctly less than those It will also bc noted that whereas the TDP . Bathymetric charts of lakes Lugano (NE basin), Zug, and Baldegg, with representative temperature profiles for the first two (for Lake Baldegg profiles, see Fig. 16 ). Depths are in meters, the Talwegs are shown dotted, and the Baldegg scale is twice that of the other two basins. Shown also are the positions of the crosssections with No. 1 designated in each case as n = 0. Section 24 in the Lake Lugano case and section 25 in the other two cases are designated n = I, yielding interface Talweg lengths of 17.7, 12.6, and 4.45 km in the twolayer models fitted as dash-dot lines to the temperature profiles (Lugano, July: Hutter et al. 1983 ; Zug, October).
estimates of current speed fall to zero at the two designated end sections, 2 and 26, the Schwab-predicted values do not. This is because the Schwab model does not truncate the basin at those two end sections.
The vertical lines surmounted by circles in Fig. 8 are relative, approximate estimates of the "observed" along-Talweg interface elevations and relative current speeds at the moorings indicated by numbers. Those estimates were derived from spectral analyses by Horn et al. (1986) , in which the square roots of spectral peak heights (proportional to amplitude estimated for the first two modes only) were normalized relative to 100 cm at mooring 4 (for elevation) and to 2.5 cm s-l at mooring 5 (for currents) and were entered, with attention to sign, in Fig. 8 . The agreement between those approximate estimates and the model results for first mode elevation is good, perhaps surprisingly so, when one recalls that temperature fluctuations at each mooring (the basis of the spectra) are proportional to isothermdepth fluctuations only if the vertical temperature gradient is the same at each sensor. The agreement for second mode elevation and first mode current is not close. Lake Lugano, northeast basin (Fig. 9) Lying at the southern foot of the Alps, Lake Lugano reaches higher upper-layer temperatures (24" C at the surface) than the other lakes illustrated here. This steep-sided, deep basin is separated by a dam from a southern basin (not illustrated). The results of a 1980 field program of temperature and current measurements, similar to but on a smaller scale than the 1978 Lake Zurich experiment, are described and analyzed by Hutter et al. (1983) and also compared with the predictions of Schwab's two-layer variable depth model fitted to the temperature profile (taking @I and & as 2 1" and 5.9"C, and h 1 as 10 m, Fig. 9 ) and to a two-dimensional grid simulation of basin shape. As in the Lake Zurich example, we have used Schwab's input values and 24 sections derived from his model to perform the TDP calculations. The distributions of interface elevation and volume transport are computed for the first and second modes in Fig.  10 . The periods predicted by both procedures, and also the periods observed in the records and spectra by Hutter et al. (1983) , are compared in Table 2 . As in the Lake Zurich case, the two procedures predict similar elevation patterns and nodal positions and show satisfactory agreement with the observations. The TDP current distribution patterns for the first and second modes are also shown in Fig. 10 , but for the upper layer only. The corresponding and similar Schwab predictions were illustrated by Hutter et al. (1983) . The lower-layer current patterns resemble those in the upper layer, but are reversed in sign and have speeds about 20 times less because of the great depth of the lower layer; therefore they are not illustrated here. The transverse tilt of the interface (also not illustrated), arising from the Coriolis effect as modeled by F. Defant's procedure, is at a maximum near section 11, where the cross- ii-q, quarter-cycle volume transports associated with the first and second internal modes (T = 27.1 and 11.8 h) as computed by TDP relative to a loo-cm amplitude at IZ = 0. Also illustrated (0) is the along-Talweg distribution of interface elevation computed by Schwab's two-layer variable depth model (Hutter et al. 1983 ).
iii-The corresponding TDP-predicted quarter-cycle horizontal displacement l and corresponding maximum through-section current speed u (first mode and upper layer only). Other particulars are listed in Table 2. lake difference in interface level is estimated to be about 40% of the elevation range at the ends of the Talweg. The entries for Lake Lugano in Table 2 show fairly close agreement between the observed and the TDP periods, except in the case of the first mode. However, as Hutter et al. (1983) pointed out, the observed 24-h response may be a forced oscillation driven by (observed) diurnal wind impulses in nearresonance with the first mode. It is possible, by making another reasonable choice of h I (e.g. 12 m leaving 8, and & unchanged), to reduce the TDP-predicted period to near 24 h, but the agreement between observations and higher mode periods then deteriorates. Again, this illustrates the sensitivity of the method to the choice of h, and, to a lesser degree, & and &. Lake Zug (Fig. 9 )-This lake, at the northern foot of the Swiss Central Alps, is PERIOD (h) 20 IO FREQUENCY kphl Fig. 11 . Lake Zug, 28 October-6 November 1982: Spectra of depth fluctuations (hourly average) of the 11" isotherm in the southern (top spectrum) and northern basins, and the interbasin coherence and phase relationships (north basin leads south basin). The numbered lines are referred to in the text. made up of two basins connected by a narrow channel. The northern basin is relatively shallow, and the surrounding terrain is flat. Average depth in the southern basin is three times that in the northern basin. The lake is frequently exposed to warm . Lake Zug: Vertical and horizontal displacements associated with the first and second internal modes (T = 26.7 h, 10.2 h) as computed by TDP, relative to a loo-cm amplitude at II = 0. Along-Talweg distributions are shown. i-v,, interface elevations; iiq, volume displacements through the sections during a quarter cycle; iii, iv-the corresponding quarter-cycle horizontal displacements 6 and corresponding maximum through-section current speeds u in the upper and lower layers U and L. Further particulars given in Table 2. southerly (Fiihn) winds, which can sometimes last for days with occasional speeds exceeding 100 km h-l. During the summer and autumn of 1982 one of us (U.L.) deployed thermistor chains to record temperature at 22 depths at 15-min intervals in the center of each basin (at ZN and ZS, Fig. 9 ). From those records, isotherm-depth fluctuations were interpolated. Spectra of October samples of those motions are presented in Fig. 11 . The TDP-computed first and second mode structures, based on 8, 12.5", & 4.5"C, and h, 16 m, fitted to October conditions and using 25 cross-sections, are illustrated in Fig. 12 , and the periods for the first five modes are listed in Fig. 14. Windermerc, south basin: Vertical and horizontal displacements associated with the first and second internal modes (T= 25.7 h, 13.2 h) as computed by TDP, relative to a loo-cm amplitude at n = 0 and with the interface at 10 m. Along-Talweg distributions are shown. i, ii, iii, iv-as Fig. 12 . Where the lower-layer currents go offscale, they are shown (appropriately reduced) as dotted lines. Further particulars given in Table 2.   Table 2 . As expected, the nodal point for the first mode (T = 26.7 h) is in the narrow interbasin channel (at section 1 l), and the horizontal displacements and corresponding through-section current speeds show large values there. The lower-layer current is, again as expected, greater in the shallower northern basin than in the deeper south- Table 2 and text). For the TDP calculation with interface depth at 10 m, section N2 1 was added, and cross-sections Nl and N2 1 and Sl and S23 were designated y1 = 0 and n = 1 for the north and south basins, yielding respective interface Talweg lengths of 6.47 and 9.02 km. 14, but with no reductions needed for curves iv, and with respective first and second mode periods of 13.1 and 6.1 h. ern basin. As can be inferred from the second mode volume transport, the horizontal displacements and current speeds in that mode (not illustrated) fall to zero in the interconnecting channel and are, again, greatcr in the northern than in the southern basin.
Comparing the TDP-computed periods (Table 2 ) with the corresponding October spectra (Fig. 1 l) , we see the following features: a narrow peak with moderate interbasin coherence near 6 h; a small peak with low coherence near 11 h; and a broad shoulder of high energy above 20 h with very high coherence centered near 25 h and with a 180" phase difference between the basins at that period. If the latter response is that of the first mode, obscured by low-frequency noise, then a longer time series (from which low-frequency trends are carefully removed by methods described by Bloomfield 1976 , for example) is needed to reveal that first mode peak. Interpretation of the other peaks is less clear. The near-11 -h peak could be a whole-basin second mode signal; but the interbasin coherence is low. The near-6-h peak (with strongest response in the southern basin) does not correspond with either the calculated third (8 h) or fourth (5 h) periods in Table 2 .
To throw light on this, we ran TDP calculations on the two basins separately, i.e. closing the narrows and using the same values of fll and h, as before, but raising & by 0.3"C in the northern basin as a better fit to the observed profile. For the separate south and north basins the first mode periods were 10.5 and 10.9 h, while the second mode periods were 5.9 and 5.2 h. This suggests that the near-l l-h and near-6-h peaks in Fig. 11 might be interpreted as individual basin responses, in which (for that particular October episode) the first mode responses were nearly in phase, but poorly coherent, while the more coherent second mode responses showed a phase difference of about 270". Obviously more measurements are needed to clarify this complexity, but it appears likely that excitation of the first whole-lake mode (27 h) is impeded by the restricting channel (cf. a similar case, St. Wolfgang See: Mortimer 19 5 3) and that the second whole-lake mode is resonantly combined with the first modes of the separate half-basins (1 O-l 1 h). No spectral peaks correspond to the TDP-predicted third whole-lake mode (8 h); instead energy appears near 6 h, i.e. close to the predicted second mode responses of the separate halfbasins. This result, as yet unexplained, may have been connected with the choice of the 8°C isotherm as the interface in that example.
Windermere, south and north basins (Fig.   13 ) -The TDP-predicted structures of the first and second modes in Windermere south and north basins are displayed in Figs. 14 and 15. Observed oscillations, for comparison, and spectra of temperature fluctuations at selected depths were illustrated for both basins by Mortimer (1953) . In this pioneering use of thermistor chains, Mortimer ( 19 5 1) obtained "continuous" records covering most of the summers of 1950 and 195 1 from nine depths at moorings N and S (Fig. 13) in the north and south basins.
Records from the south basin showed that, over the interval 13 June-l 8 July 195 1, the thermocline lay in the average depth range lo-12 m, while o1 rose from near 14.5" to 18°C and & remained fairly steady at 8.5"C. Strong internal oscillations of average period 23 h were seen between 14 and 22 June; and the spectrum of temperature fluctuation at 12-m depth, covering the interval 7 June-24 July, also showed most of the energy to be concentrated in a broad peak between 23-and 24-h period. With h, set at 10 m (corresponding to a 9.02-km-long interface Talweg with end walls set at cross-sections Sl and S23) and with e1 and o2 set at 15.7" and 8.5"C, the TDP yields periods of 25.7 and 13.2 h for the first and second modes. The corresponding structures are illustrated in Fig. 14. Because the cross-sectional areas below 10 m are very small at S3 and S6, the calculated lower-layer displacements and current speeds there are much higher than elsewhere. Those high estimates, although probably unrealistic because the flow would become unstable, draw attention to the probability that the real cross-thermocline current shears are large in that region. The morphometry of the south basin, particularly the gradual shoaling and narrowing of the southern half, results in marked asymmetry in nodal positions along the Talweg and also relatively large displacements and velocities for the second mode.
By the latter half of September 195 1 the south basin thermocline had descended to near 20 m, with a corresponding shortening of the interface Talweg to 6.33 km, and e1 and f12 had become 14" and 9°C. A TDP calculation, taking those values and setting the end barriers at cross-sections S7 and S22, yields respective first and second mode periods of 14.0 and 7.7 h. The 18-25 August 19 5 1 thermistor-chain records disclosed a strong wind-forced oscillation of average period 13.5 h, and the spectrum of temperature fluctuations at 14-m depth (7 August-24 September) displayed a concentration of energy between 14-and 15-h period, i.e. about 60% of the period observed in early summer. That observed large seasonal change, also predicted by TDP, is an example of the coupled influence of basin morphometry with a descending thermocline.
Because of its shape, no such large seasonal change was seen in the north basin. The thermistor-chain records, 14 August-18 September 19 5 1, disclosed a fairly steady descent of 0, from 18" to 14"C, with e2 remaining steady at near 7.5"C; h, was close to 10 m during the whole interval. A TDP calculation, with corresponding h I, 8,) and e2 values of 10 m, 16", and 7.5"C and with the end barriers set at cross-sections Nl and N21, yields first and second mode periods of 13.1 and 6.1 h and the structures illustrated in Fig. 15 . The spectrum of temperature fluctuations observed at 14 m, 14 August-l 8 October 195 1, showed most of the energy concentrated in the 12-14-h period range, with little activity elsewhere. In the thermistor-chain record also, a persistent thermocline-depth oscillation of average period 13 h was evident from 14 to 2 1 August, and a shorter episode of a wind-induced 14-h oscillation was seen from 13 to 17 September, satisfactorily simulated by a two-layer wind-forced model (Heaps and Ramsbottom 1966) . Lake Baldegg (Fig. 9 ) -This lake, the smallest in our series, has a simple bathtub shape. Its hydrodynamics and chemistry have been studied for several years (see Imboden et al. 1983 ). It is not generally subject to strong wind action, and a well mixed upper layer is normally seen only during the autumnal cooling phase. The seasonal development of the temperature profile is illustrated in Fig. 16 . In this respect it is typical of many small lakes. Derived from average profiles for every second month, we used the corresponding two-layer parameters (h,, &, and 0,) to compute the periods of the first five modes. The input values for October were taken from Imboden et al. (1983) , and our corresponding TDP-computed periods are compared in Table 3 with (observed) periods estimated from the spectra (published in that paper) of the 11" and 8°C isotherm-depth fluctuations at three thermistor chains from 14 to 28 October 1979. The observed periods, attributed to the first four modes, are in parentheses in Fig. 9 ) for optimal detection of the first, the second (i.e. by placement near the first nodal point), and higher modes. The spectra and isotherm-depth plots of Imboden ct al. (1983) confirm the success of that strategy and permit unambiguous recognition of signals from the first four modes. A more detailed analysis is given elsewhere (Lemmin 1987) . The structures of the first two modes during the October interval are displayed in Fig. 17 . Their regularity reflects the regularity of the basin shape. The narrowing and shallowing near the ends, particularly the south end, cause the computed lower-layer (hypolimnion) currents to reach relatively high speeds there.
Concluding discussion
The above comparisons with observed oscillations in the eight basins reviewed here demonstrate that, despite its relative simplicity and the artificial assumptions that have to be made, the two-layer Defant procedure (TDP) provides a useful and perhaps surprisingly accurate description of internal seiche motion in not-too-irregular basins in which the two-layered model is a reasonable approximation to the actual density profile. This appears to hold true even when (as in the Loch Ness example, Fig. 6 ) the thermocline discontinuity appears, not as an abrupt interface, but as a broad intermediate layer (metalimnion).
The TDP predictions are, as expected, more accurate when the lake basins are elongate and canallike; but even in more circular basins (Lammel 1984) useful results can be obtained for the first (usually dominant) mode at least. In those cases in which adequate sets of observations or spectra are available Table 3 . Lake Baldegg: Representative two-layer fits to the average stratification structure during selected months (Fig. 16 ) and the corresponding periods of the internal seiche modes computed by the TDP. The October values were fitted to the 14-28 October 1979 episode analyzed by Imboden et al. (1983) ; periods in parentheses are those identified in spectra (not illustrated here) of isotherm depth fluctuations during that episode. Note that the layer temperatures listed here differ slightly from those applicable in 198 1 (see Fig. 16 to check the method, the periods usually agree to within 10%. The TDP-predicted mode structures also show satisfactory agreement with interface elevation distributions and nodal positions predicted by more precise models (see Fig. 8 and 'the bracketed entries in Table 2 ). Those models, however, require a mainframe computer and experienced programmers for their operation. In several examples the TDP-com- Table 1 , the TDP can be easily programed on a portable computer and will, we believe, prove useful to limnologists in general. Our reasoning is that internal gravity waves, responding to wind impulses in the form of internal seiches, will be major contributors to water-mass move- In very large lakes (Lake Geneva may represent an intermediate stage between "large" and "small") the effect of rotation and the (as yet) relatively unexplored vortici ty waves demand more complex models. But in stratified lakes smaller than Lake Geneva the effects of rotation are not dominant for internal gravity waves and can, as we have shown, be approximately assessed by using F. Defant's (1953) geostrophic assumption. Examples of lakes showing large seasonal change in the period and structure of internal waves are Windermere-south basin (discussed earlier), the Kochelsee (Lammel 1984) and, as Table 3 demonstrates, Lake Baldegg. There the computed period of the dominant first mode fell from 8.8 h in June to 7.2 h in August and then, during the progressive cooling phase, rose again to 9.3 h --Lake Baldegg, a similarly large increase in in October and to 24.7 h, a representative period for December. The early summer decrease was the result of increasing upperlayer temperature and thickness. In the autumnal increase, the continued deepening of the upper layer was more than compensated for by a decrease in upper-layer temperature. For a given input of wind energy in that example, the internal seiche amplitude was lowest in August, higher in June, and greatest of all in December as the overturn approached. Indeed, it was the "catastrophic" increase in amplitude of internal waves, with enhanced mixing, which led to the overturn in Kamloops Lake (Carmack and Farmer 1982) , and this will probably be found to be true in other basins also. For period and amplitude is seen during the late cooling phase, as in Fig. 18 which compares isotherm-depth fluctuations in late June and early December. The respective average observed periods were 9 and 22 h. The corresponding TDP-computed periods, representative of the whole months of June and December, are listed in Table 3 . The wind records corresponding to the two episodes in Fig. 18 disclose short, relatively strong (7 m s-l) wind impulses on 20 June and 1 December, which apparently initiated those particular oscillations.
It is also possible to use the TDP results to compute the probable magnitude of an interfacial Richardson number and thereby to assess the likelihood that cross-thermocline shear in the real lake will induce unstable flow with consequent increases in turbulence and mixing. Given the TDP-predieted upper-and lower-layer densities (p,, p2) and section-averaged maximum current speeds (u 1 and u2, always opposed in direction), and further accepting the crude assumption that the real thermocline can be modeled as an interface 1 m thick with a linear density gradient, the thus averaged interfacial Richardson number (Ri,) is lo5 (p2 -pl)l( u1 + u~)~. If Ri, is < 5'4, there is a strong possibility that unstable flow will occur in the real lake. Unstable flow, however, is not ruled out if Ri, is > l/q, because u1 and u2 are section means and not maxima, because current shears other than those induced by seiches may be present, and because the real thermocline structure may be very different from that modeled above. For example, the real thermocline may incorporate narrow layers of high shear. Nevertheless, if Ri, is very much greater than l/4, expectation for unstable flow is low.
With Figs. 4, 7, and 17 as examples, we find (u 1 + u,) maxima of about 10 cm s-' for Lake Geneva (with 3-i-n internal seiche amplitude) and also for Loch Ness (10-m amplitude) and about 1.5 cm s-l for Lake Baldegg (l-m amplitude). If we then take approximate (p2 -pJ values of 1 x 10-3, 3 x 10B4, and 1 x 1 Ow3, the Ri, estimates become: Geneva 1, Ness 0.3, and Baldegg 44. Only Loch Ness, at internal seiche amplitude 10 m, demonstrates likelihood of instability in the nodal region, and this perhaps helps to explain why the thermocline is so unusually deep with a thick metalimnion there. Because (u , + u,) is proportional to seiche amplitude, it would require a 6-m amplitude at Lake Geneva to produce expectation of instability at the node (a possible contingency in that lake), whereas flow in Lake Baldegg is most unlikely to be rendered unstable by seiche currents alone.
It should always be borne in mind, however, that situations can arise in any lake in which currents of various origins (wind forcing, surface seiches, internal surges), added to the internal seiche flow, can bring about temporary and local instability. This is particularly likely when the wind-forced flow and the internal seiche amplitude become large enough to generate steep-fronted internal surges of the type described by Thorpe (1977) and Thorpe et al. (1972) for Loch Ness and by Mortimer and Horn ( 1982) for Lake Zurich. For satisfactory interpretation of such motions, a more com- Table 4 . Tabulation and flow chart for the Defant surface seiche calculation. Measured quantities and /3 = 4.1r2Ax/gF (which, with the units adopted in this table, becomes ,f3 = 1.11 ~Ax/F) are tabulated on the left, and the calculation sequence is displayed on the right (large arrow points to the instructions). Sections n = 0 and n = 2 coincide with the basin (Talweg) ends. The calculation proceeds, step-by-step as explained in the text, from left to right, starting in row (n = l), column 5; the numbers refer to other columns. Lake basin:
Operations yielding derived quantities t Column 1 Units km2 km2 km * The operations, to which the large arrow points, refer to column numbers and proceed stepwise from left to right, as indicated by small arrows. Upon arrival at the asterisk, sub~ruct the Aq entry derived in column 9 from the q entry in column 5 on the same row; enter the remainder in column 5 on the I'OW bclonq and continue rightward, step-by-step, along that row, as indicated by arrows.
plex theory, involving nonlinear wind-forced (h 1) and density (p 1) -to variation in which wave models (e.g. Thorpe 1974 , applied to the TDP results are particularly sensitiveLoch Ness), must be invoked. But for many vary little over the whole basin. practical purposes and for most of the time, particularly in small lakes, the simple, twoSurface seiche calculations layer linear theory applied here is (perhaps Because, in our foregoing treatment and surprisingly) a useful, first-order descriptor to a close approximation in real lakes, the of the main features of motion. An imporfree barotropic and baroclinic responses to tant contributory reason for the generally wind impulses may be considered as acting close agreement between the obscrvcd and independently, the two classes of motion the TDP-computed periods of the lowest may be taken to be additive, and it may modes in the range of basin shape and size sometimes be useful to estimate surface reviewed here (Table 2 ) may be the fact that, seiche as well as internal seiche responses except near shore, the upper-layer thickness with programs based on Defant's method in both cases. Although the amplitudes of surface oscillations are usually much smaller than those of their internal counterparts, the surface seiche periods are also much shorter, so that the barotropic and baroclinic contributions to current speed are sometimes comparable in magnitude (e.g. in Lake Erie: Saylor and Miller 1983) .
With the conventions of Fig. 1 and with the deflected interface, shown there, transformed into a deflected lake surface, Table  4 becomes the "surface" counterpart of Table 1. The measured morphometric quantities become: S,, the area of the whole crosssection n (i.e. the sum of S, and S2 in Table   1 ); v,, the area of the lake surface lying be- Dropping the subscripts n (as earlier in Table 1 ) and adopting the conventions illustrated in Fig. 1 , an arbitrary vertical displacement (71) of 1 .OO cm is entered in the start box (column 5, row n = 1) of Table 4 , and the calculation then follows the left to right sequence shown. Quantities 4 and 6 denote volume transport and horizontal displacement through the section indicated, and 77 is the vertical displacement of the lake surface between that section and the one which precedes it. If, in the trial calculation, q does not fall close enough to zero in the target box (column 7, row n = I), a few trials with different values of T, followed by interpolation, quickly lead to the correct value. Alternatively Table 4 may be used to plot the terminal value of volume transport q (i.e. q at section n = I) against period T, yielding a diagram comparable to Fig. 2 , in which zero-crossings indicate the periods of the first and higher modes.
To check brograms based on Table 4 , columns 1, 2, and 3 (all rows) are 0.03, 1, and 1; and the Defant-computed first mode period is 23.38 min (yielding ,6 = 0.002045), which is 0.28% longer than the corresponding Merian period. The corresponding Defant-computed quarter-cycle volume transports (q) through each section are the same as those entered for the first mode under the open arrowheads in Fig. 1 , except that there (for the internal seiche) the units were lo6 m3, whereas for the Table 4 (surface seiche) test the units are lo4 m3.
